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13. ABSTRACT (Continued)

The study of signal processing techniques for resolu ion improvement
has continued and preliminary results of an azimuth coupreesion technique
are presented. Optical data processing techniques have been investigated
for use in identifying obstacles.

Mathematical System Modeling for Cmputer Simulation

A digital simulation of an intermediate frequency amplifier has been
accomplished which incorporates limiting and bandpass filtering. A simple
horn antenna has been simulated which can be used as the building block for
more complex aperture illumination functions.

Millimeter Radar Experiments

The statistical analysis of radar data obtained at Ballistics Research
Laboratory, Aberdeen, Maryland, has been completed and the probability density
functions are presented. The data has been correlated with the power spectr 1
densities published in ECOM-01253-2.

The millimeter radar has been completed and is described in detail.
Initial experiments have indicated that the system is very stable and can be
used for reliable clutter and obstacle measurements. Data taken with the
radar, at 70 GHz, is published and pertinent characteristics are discussed.
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61STRACT

A method for quantitative assay of C. burnetii was developed based on
imunofluorescent staining of infected L cell monolayers and enumeration
of cells containing fluorescent rickettsiae within 48 hours after
inoculation. Adsorption of rickettsiae onto coverslip cell cultures
was accelerated and highly efficient when augmented by centrifqgAl force.
By this procedure, a proportionality was demonstrsted between the number
of infected cells and the volume of inoculum. The incubation period
of 468 hours for inoculated cell cultures was established from sequential
observations of the development of rickettsial infection of cells and
from counts of infected cells. The relationshfp between rickettsial
concentration and cell-infecting units of rickettsiae was linear; the
distribution of infected cella was random. Compared with yolk sac
inoculation of chick embryonated eggs, the infected cell-counting assay
o! C. burnetii was more rapid, precisee, and sensitive.
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The development of qu.antitarive and rapid procedures for the assay of

viruses is amee of many Euudmwuta1 advances that have resulted from
the uke of cell cslt'tri:, ftn viroloslcl stiudies. The usefulness of

cell culture systems for tlb teesy of rickettsiae, however, has been
timired bec'ause of tht alov grvr'i of these infectious agents in cell

t aonolayers and their appare-i Lnahilf.ty to produce readily discernible
signs of infeczion, e.g., cytopaili elfects or plaques. Recently,
as.ayo havw been developed for a nwnbc " viruses- 7 that are based
on fluareccent .ntibody st-ining of LnfeLted cell monolayers and
|eumration of celll* containing flucreacent viral antigen. The ability
to detect viral antigen in infected ce~ls, usually within 24 hours, is
an ou•tu.nding feature of the fluorescent cell-counting technique. In
v-iew of thbi and other advautageA, an &ttempt was made to develop an
assay of Coxiella burnetii, the rtckeLtsiel etiologic agent of Q fever,
by employing thLs procedure.

The need for a rapid and quantftetive assay of C. burnetii is evident
from an e•a"anaLion of proctdures presently employed for the purpose. Assays
carried out in chick embryonatf-4 ecge, &ice, or guinea pigs require
prolonged int#rva.3s of incubation after inoculation, ranging from 14 to 40
days, bef.re slgne of in!ection are %s&nIfested and titration values
"•.y be determined.',' Veiss and Piic.ryklo succeeded in devcloping a
"focus count" riechod of titrAting C. burnetii by inoculating chick embryo
entoderual cell inonolayers. Voci of infection were counted, however,
fa=Um 5 to 10 days later. The feasibility of using an infecttd cell-counting
assay of C. btrnetii was supported by evidence that the rickettsiae may
grou in a variety of cell culture#11-2el and that they are amenable
to etaining by fluorescent &atibody.1 1#10@1 7

This report describes the development and standardization of a
quantitative assay of C. burnetit based on immunofluorescent staining ofi
infectes L cell monolayers and enumeration of cells containing fluorescent

rickettsiae within 48 hours after inoculation.

11. MAT ALS A" MHODS

A. RICKMTTSIA. STRAIN

The AD (Ca'ifornia bovine) strain of Coxiella burnetii was used in
this study. To prepare a stock suspension of rickettsiae, 2 x 103 ELD,5
(egg lj) were inoculated into the yolk sacs of 7-day chick embryonated
eggs. Yolk sacs were harvested aseptically from embryos dying on the
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7th to 9th days, made into a 20% suspension with distilled water, and 1
purified by dextran sulfate precipitation.-l The rickettsial suspension
was stored in 1-ml amounts at -60 C and had a titer of 1059 ELD l.

B. CELL STRAIN

The L @train of mouse fibroblasts was employed in the assay of

rickettsiae. Nutrient medium for the cells consisted of mixture 199
containing 0.57- lsctalbumin hydrolyzate and 10% heat-Luactivated calf
serum. Cells were maintained in mixture 199 and 5% calf serum. For the
assay, cells were cultivated on circular coveralips (15-mm diameter)
inserted in flat-bottomed glass vials (18 x 100 mm). One ml of cell
suspension, containing 1.5 x 10 cells, was introduced onto coverslips
that were then incubated at 35 C for 24 hours or until a complete cell
monolayer was formed.

C. ASSAY OF RICKEMSIAE

Assays were usually carried out in triplicate. Diluti'ns of rickettsial
suspension were prepared in maintenance medium and introd.. Rd in 0.2-ml
volumes directly into vials containing coverolip cell cultures. Poutinely,
rickettsial adsorption was carried out by centrifugation at 500 x g for
15 min, at 23 to 25 C. For this procedure, vials were placed in slotted
cups containing tube adapters, sealed with a screw-dome cover, and mounted
on a 4-place, pin-type head. Centrifutation was performted in an
luternational centrifuge, size 2, model V. Coverslip cultures were rinsed
twice with maintenance medium following adsorption of rickettsiae; 1 ml
of the medium was added then to each vial. After incubation at 35 C for
48 hours, coverolips were rinsed twice with cold phosphate-buffered saline
(PBS), pH 7.2, fixed with cold (-60 C) acetone, and either prepared
imrediately for imanofluorescent staining and cell-counting or stored at
-60 C for subsequent examination. In infected cell cultures stored for as
long as 4 weeks under these conditions, rickettsiae did not exhibit any
appreciable loss of fluorescence on staining.

D. LMMFLOORESCENT TECIHIQUES

From guinea pigs that had survived infection by C. bur'netii, antiserum
was pooled and conjugated with fluorescein isothiocyanAte. 1 1 The complement-
fixing (CF) titer of the antiserum was 1:32. To reduce autofluorescence,
the conjugated antiserum was passed through a column of Sephadex G-25.11
A double conjugate stain consisting of 0. 1 ml rhodamine bovine albumin and
1 m! undiluted fluorescein isothiocyanate-conjugated antiserum, diluted 1:3
with FPS, wa" also effective for detecting infected cells.

tI



The direct fluorescent antibody technique was employed to demonstrate
immunofluorescence of rickettsiae in infected cello. Fixed cell cultures
were washed three times with PBS end stained with conjugate for 30 min.

SThe coverulip cell cultures were then rinsed in two changes of PBS toh "remove excess conjugate and mounted in 20% glycerol in PBS.

Coverolip cell cultures were examined with an American Optical
microscope equipped with a Fluorolume illuminator, model 645, Corning
5850 and Schott DG-12 exciter filters, and a barrier filter (E.K. 15).

At 645 X magnification, 1280 microscopic fields were contained in
the area of a 15-mm coveralip with the optical system employed. For
each coveralip cell culture, 50 microscopic fields were examined for
cells containing fluorescent rickettsiae. To calculate the number of
cell-Ala-ctiri units (CIU) of rickeLtsiae per mi, the average number of
cells containing fluorescent rickettsiae per field was multiplied by the
number of fields pe: coverslip, the reciprocal of the dilution of inoculum,
and a volume factor (for conversion to ml).

III. RESULTS

A. STANDARDIZATION OF ASSAY

1. Adsorption ot Rickettsiae

Centrifugation of rickettsial inoculum onto coverslip cell cultures
was investigated because previous studies with viruses indicated that the

* procedure promoted adsorption of inoculum.41e00721 An experiment was
performed to determine the rate of rickettsial adsorption onto cell
monolayers during centrifugation (500 x 8, 24 C) and stationary incubation
(35 C). Two groups of vials containing coverslip cell cultures were
inoculated with 0.2 ml of a 1:50 dilution of the stock rickettFial
suspension; each group was subjected to a different condition of adsorption.
At designated intervals, vials were removed and residual inoculum from
each vial was introduced onto additional cell monolayers to measure
unadvorbed rickettsiae. Residual inoculum was adsorbed onto cell monolayers
by centrifugation at 500 x g for 30 min. Cell cultures exposed to
initial or residual inocula were rinsed twice with maintenance medium and
incubated with fresh medium at 35 C for 48 hours.



Results in Table I attest to the efficiency and rapidity of I
centrifugation for the adsorption of C. burnetii onto cell monolayers.
Approximately 97%/ of the rickettsial inoculum was adsorbed within 15 min,
although only 63% was adsorbed during 120 min of stationaly incubation.
Extension of the centrifugation period to 3P min, increasing the
centrifugal force to 1000 x g, or centrifug.ng inoculum at 500 x g for I
15 min followed by stationary incubation at 35 C for 2 hours did not
appreciably enhance the quantity of rickettsiae adsorbed.

Further evidence of the efficiency of centrifugation for adsorption
of rickettsial inoculum is shown in Table 2. The results reveal a pro-
pcrtionality between the taumber of cells containing fluorescent rickettsiae
and volume of inoculum. In a similar experiment no proportionality was
demonstrable between the number of infected cells and volume of inoculum
when rickettajal iuoculum was maintained at stationary incubation
(35 C, 2 hr).

TABLE 1. CENTRIFUGATION VS. STATIONARY INCUBATION FOR ADSORPT2-:_'
OF C. BURNETII ONTO L CELL MDNOLAYERS

Per Cent Inoculum Adsorbed I
Minutes Centrifugation (500 x g) Stationary (35 C)

5 78 30

93 93D
15 97 39

30 98 41

60 ND 52

90 ND 60

120 ND 63

a. Not determined.

i
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TABLE 2. PROPORIO•ALITY RMWEKN VOLUM OF INCULUTM
AND CELL-INFECTIJG UNITS OF C. LUVET

Volume, Infected Cells/ CIUk/
ml 50 Fie'•ds 106/ml

0.1 201 2.5

0.2 414 2.5

0.4 800 2.5

0.5 131 2.6

1.0 1970 2.4

a. Rickettsiae adsorbed onto L call coverelip
cultures by centrifugation at 500 x g for 15
minutes, 24 C.

b. Cel-infectiug units of rickettsiae.

2. Incubation Period

The incubation period is the interval between adsorption of
rickettsiae and the appearance in primary infected cells of quantities
of rickettsiae sufficient to be readily discerned by fluorescent antibody
staining. It was determined from sequential observar F of rickcnial
6Lowrh and infected cell counts. To insure that only primary infected
cells were counted, anti-Q immune serum was employed to prevent secondary
infections through cell-to-cell spread of extracellular rickettsiae.
A group of coverslip cell cultures were inoculated in the prescribed
manner with a 10-2 dilutLon of rickettsial suspension and incubated at
35 C. Four hours later, the maintenance medium in one-half of the cell
cultures was replaced with 1 ml of 1:10 dilution of anti-Q monkey immune
serum. At 16, 21, 24, I', and 72 hours of incubation, both cell cultures
treated with maintenance medium or immune serum were fixed, stained with
fluorescent antibody, and examined for rickettsiae or signs of
intracellular infection.

The appearance of rickettsiae in cells was equivocal at 16 hours
of incubation. At 21 and 24 hours, infected cells could be recognizcd
by the presence of small, clear, well-defined cytoplasmic vacuoles
containing fluorescent rickettsiae. Occasionally, fluorescent rickettsiae
were noted adjacent to the cell nucleus or in small clusters in the
cytoplawn. Vacuolated cells were more numerous and the vacuoles were
larger and contained numerous rickettsiae at 48 hours (Figures 1, 2).
Sometimes a cell contained more than one cytoplasmic vacuole. At 72
hours, the nucleus in some infected cells was distorted by an enlarged
cytoplasmic vacuole that crowded it against the cell membrane. Fluore&cent
rickettsiae in vac-uoles varied from a few to uncountable numbers. There
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A

Figure 1. Typical Appearance of L Cell I,fected witn C. burnetii
48 Hours after Inoculation. Note cytoplnsmic vaciole

containing clump of fluorescent rickettsiae. Stained

with fluore~cein isothiocyinate-iabeled anti-Q guinea

pig serum. X 253.

1

I'
Figure 2. L Cell Monolayer wit' Several Infected Cells Containing

Cytoplasmic Vacuoles 48 Hours after Inoculation with
C. burnetti. Stained with fluorescein isothiocyanate-jlabeled anti-Q guinea pig st-rLun. X 129.I __________ ________

I ___ ____



were signs that some vacuoles had ruptured to release rickettsiae into

the extracelluldr surieoundings. There was no evidence of intranuclear
infection. Tne development of rickettsial infection in L cells was
comparable to that described by Roberts and Donas. 1 1 In uninoctilated

cell cultures, an occasional cell possessed a cytoplasmic vacuole, but
it was clear and contained no fluorescent particles. The most reliable
criterion for distinguishing end enumerating infected cells was the
piesence of cytoplasmic vacuoleE containing fluorescent ricketteiae.
Counts of infectad cells between cell culturea incubated witl and
without immune serum for 24 and 48 hours were equivalent. However, the
number of infected cells at 48 hours was approximately twice the number
aL 24 hours. Infected cell counts from cell culturpi incubated for 48
hours in the absence of immune serum were comparable to those of immune
seru -treated cultures incubated for 72 hour.i. In 72-ho-,r cell cultures
that had not received immune serum, the number of infecte,4 cells was
almost twice that obtained at 48 hours. The results indic.ce that 48
hours is an optimal incubation period for inoculated cell cultures to
insure growth and accumulation of rickettsiae in pv",a.• inie:ted cells.

That the reactions observed in cell monolayer: were a conseqLence
of infection with C. burnetii was confirmed further by ser,..o-re.-'tralization
"tests. Equal quantities of 1:50 dilution of rickettsial i467-.Li~ a
and 1:10 dilution of anti-Q guinea pig or monkey immune snrum -,ire
incubated at 35 C for 2 hours and then inoculated it 0.2-,a t*,e ont.o
coverelip cell cultures in the prescribed manne7. The inumbtc.: o"
vacuo.,ated cells containing rickettsiae was reduced approx~aateiy 937%
compared with cell cultures that received inoculum consist-i;'? cf .!.xtures

* of rickettsiae and normal serum.

-B. JUANTITATIVE EVAWATION OF ASSAY

1. Linearity with Dilution I
Figure 3 demonstrates a linear relationship between twofold

dilutions of rickettsial suspension and the number of cell-infecting
units. These data suggest that cell infection was initiated by a single
rickettsia and that only infected cells were enumerated.

2. Pracision

In a single experi-ment, ten determinations were performed to
estimate the precision of the assay for C. burnetii, C~verslip cell
cultures were infected by c standard quantity of rickettsial inoculum
and treated in the prescribed manner. The number or cell-infecting
units of rickettsiae per .-I of inoculum ranged from 1.0 x 106 to 1.3 x
106 with a mean of 1.1 x l0o an.2 standard deviatiov of 0.11.

I..

!a a-
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3. Distribution of Infected Cells

The mode of distribution of cells containing fluorescent
rickettsiae on a coveralip cell monolayer was determined by examining
100 random microscopic fields. The frequencies of fields containing
infected cells correspond closely to the theoretica" frequencies
(Figure 4). The X2 test of goodness of fit of the observed data to
the theoretical Poisson distribution showed no significant difference
(Probability slightly greater than 0.70 at d.f. a 6). Cells containing
fluorescent rickettsiae were randomly distributed in infected cell
monclayers.

4. Sensitivity

The sensitivity of the infected cell-counting proced'zre was
compared with that of yolk-sac inoculation of chick embryonated eggs.
The results in Table 3 indicate that the assay based on ismunofluorescent
staining and enumeration of infected cells exhibited less variability
and gave a slightly higher mean titration value than the method of yolk-
sac inoculation. The rapidity of the former procedure (48 hours) over
that of the latter (14 days) was a singular advantage.

IV. DISCUSSION

The feasibility of employing an -infected cell-counting procedure
for the rapid assay of C. burnetii was established by the studies
described here. The technique is based on imnunofluorescent staining
of infected L cell monolayers and enumeration of cells containing
fluorescent rickettsiae. The adsorption of C. burnetii onto coverslip
cell monolayers was accelerated and more efficient in comparison with
stationary incubation. By the former procedure, 97% of the rickettsia!
ivnoculum was adsorbed within 15 min; by the latter, 63% was adsorbed
within 2 hours. In the shortest contact time employed by Roberts and
Downst for the attachment ied invasion of L cells byn . burnetiiWi
they found that rickettsiae may enter L cells within 30 min. With
the application of centrifugal forc-, a contact time of 5 min was
sufficient to initiate cellular infection by a majority of C. burnetii
in the inoculum (Table 1). Studies with another rickettsia, R.
tzutsugamushi,92 indicated that rickettsial penetration into mammalian

! cells was linear for the first 15 min and that invasion continued into

cells that were already infected when lengthy periods of adsorption
were employed. By the use of centrifugal force, this latter event is
precluded because the time required to establish contact between
rickettsiae and cells is markedly diminished and the resultant adsorption
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of rickettsiae is highly efficient. The possibility that synchronous
infection of cells @ay be achieved by this procedure assumes obvious
importance, particularly in kinetic studies that attempt to define the
early stages of rickettsial infection and growth. The finding that the
relative efficiency of rickettaial adsorption as a function of the
volume of inoculum when augmented by centrifugation is relevant also
to the detection of rickettsiae from dilute suspensions and contributes
to the sensitivity of the assay.

TABLE 3. CONPARISON OF TWO PROCEDURES
FOR THE ASSAY OF C_. BMWfJ.

VAean SE
Assay Procedure 105/ml SD Mean

Infected cell-counting 13.0!a/ ±0.27 ±0.20

Yolk sac inoc. chick embryos 8 . 7 b/ ±1.26 ±0.43

a. Cell-infecting units of rickettsiae based on 7 titrations,
determined at 48 hours.

b. lD90units of rickettsiae based on seven titrations.
Six-day embryonated eggs inoculated with 0. 2 al inoculum
and incubated at 35 C for 14 days. LDw caiculated by Reed
and Iuench formula.

In agreement with previous observations.11 rickettsial infection
of L cells was detected within 21 hours after inoculation. It is
significant that the rickettsial inoculum used in this study, derived
directly from infected eggs, elicited in an equivalent time period a
specific cellular response comparable to that of rickettsial inoculum
that had undergone 11 transfers in L cells.11 The incubation period,
the interval between inoculation of cell monolayers, and the appearance
of readily recognizable signs of rickettsial infection of cells, was
established as 48 hours. Sufficient numbers of rickettsiae accumulated
in cytoplasmic vacuoles of inoculated L cell culcures at this time so
that they could be easily distinguished by iimunofluorescent staining.
This was compatible with observations reported on the growth of £.
burnetii in different cell lines. 1 5,'4 In ad-.ition to sequential
observations of rickettsial manifestations of cellular infection, counts
of infected cells helped to define the optimal period of incubation.
Experimental use of anti-Q Immune serum in inoculated cell cultures, to
limit the spread of extracellular rickettsiae to other cells, insured

i

________ _______
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that only primary infected cells were counted. At 48 hours, infected cellcounts, in the presence or absence of Imun serum, were comparable with' -
each other and with counts from immune serum-treated cell cultures incubated
for 72 hours. In cultures that had not received immune serum and were
incubated for 72 hours, infected cell counts were much higher, indicating
that a secondary cycle of infection had occurred at least 24 hours earlier.
It may be safely assumed that only primary infected cells were counted at
48 hours even though rickettsiae may have been released from infected cells
shortly before this time. The few hours time tbat elapsed following the
liberation of rickettsiae was too short to permit the development of visual
signs of secondary cellular infection. The successful neutralization of
extracellular rickettsiae in culture fluids and of rickettsial infectivity
in vitro by immune serum, resulting in a significant reduction of infected
cells in the latter Instance, augurs the practicability of developing a

t rapid fluorescent cell-counting neutralization test to measure Q fever
serum- neutralising antibodies.

Paralleling the findings of fluorescent cell-counting techniques for
viruses,-1 7 a linear relationship was demonstrated between the concentration
of C. burnetli and the number of infected cells; the distribution of infected
cells in cell monoldyers followed the Poisson law. The evidence suggests
that infection of individual cells was initiated by single rickettsia or
aggregates not divisible by dilutio,. In precision, the infected cell-
counting assay of C. burnetii was ccAsparable to similar techniques employed
with viral agents. 4 ",". On the basis of sensitivity and rapidity, the
infected cell-counting procedure was superior to the method of yolk-sac
inoculation of chick embrycnated eggs. The assay technique described in
this report may prove useful in experimental studies that attempt to elucidate
quantitatively the complex mechonism_ involved in rickettsial infection,
growth, and nutrition at the cellular level.

i
,iI
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A method for quantitative assay oi C. burnetii vas developed based on
immunofluorescent staining of infected L cell monolayers and enumeration
of cells containing fluorescent rickettsiae within 48 hours after inoculation.
Adsorption of rickettsiae onto coveralip cell cultures was accelerated and
highly efficient vwben augmented by centrif.,gal force. By this procedure,
a proportionality vas demonstrated between the number of infected cells and the
volume cf inoculum. The incubation period of 48 hours for inoculated cell
cultures vas established from sequential observations of the development
of rickcttsial infection of cells and from counts of infected cells. The
relationship between rickettsial coosna.tration and cell-infecting unitb
of rickettsiae was linear; the distribution of infected cells vas random.
Compared vith yolk sac inoculation of chick embryonated eggs, the infected
cell-countinS assay of C. buruetii vas more rapid, precise, and oensitive.
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